Cyanobacteria are autotrophic prokaryotes which carry out oxygenic photosynthesis and accumulate glycogen as the major form of stored carbon. In this research, we introduced new genes into a cyanobacterium in order to create a novel pathway for fixed carbon utilization which results in the synthesis of ethanol. The coding sequences of pyruvate decarboxylase (pdc) and alcohol dehydrogenase II (adh) from the bacterium Zymomonas mobilis were cloned into the shuttle vector pCB4 and then used to transform the cyanobacterium Synechococcus sp. strain PCC 7942. Under control of the promoter from the rbcLS operon encoding the cyanobacterial ribulose-1,5-bisphosphate carboxylase/oxygenase, the pdc and adh genes were expressed at high levels, as demonstrated by Western blotting and enzyme activity analyses. The transformed cyanobacterium synthesized ethanol, which diffused from the cells into the culture medium. As cyanobacteria have simple growth requirements and use light, CO 2 , and inorganic elements efficiently, production of ethanol by cyanobacteria is a potential system for bioconversion of solar energy and CO 2 into a valuable resource.
Cyanobacteria, also known as blue-green algae, are autotrophic prokaryotes which exhibit diversity in metabolism, structure, morphology, and habitat. However, all of these organisms perform oxygenic photosynthesis, and this photosynthesis is similar to that performed by higher plants (29, 32) . As the cyanobacteria have simple growth requirements, grow to high densities, and use light, carbon dioxide, and other inorganic nutrients efficiently, they could be attractive hosts for production of valuable organic products. In fact, many cyanobacteria can be used directly as food and fodder since they are nonpathogenic and have high nutrient value (27) . Some cyanobacteria also synthesize secondary metabolites which have been reported to have significant therapeutic effects (4) . In addition, mass cultivation for commercial production of some cyanobacteria can be performed efficiently.
Synechococcus sp. strain PCC 7942 (previously referred to as Anacystis nidulans R2), a unicellular cyanobacterium that lives in freshwater, is one of the few cyanobacterial strains which have been relatively well-characterized in terms of physiology, biochemistry, and genetics. This organism is able to take up foreign DNA and can be transformed either by using shuttle vectors capable of replicating in both Escherichia coli and the cyanobacterium or by integrating foreign DNA into the chromosome through homologous recombination at targeted sites (14, 36) . In recent years, workers have achieved limited success in expressing foreign genes in this cyanobacterium, as well as other transformable strains. For example, the human carbonic anhydrase gene caII used to investigate CO 2 -concentrating mechanisms (26) , E. coli and human superoxide dismutase genes used to investigate oxidative stress (15, 34) , E. coli pet genes used to increase salt stress resistance (25) , and Bacillus thuringiensis larvicidal genes used to develop bioinsecticidal hosts (33, 35) have all been expressed in Synechococcus sp. at sufficiently high levels to generate discernible phenotypes. In this paper, we describe our attempts to transform Synechococcus sp. strain PCC 7942 with bacterial genes in order to create a novel pathway for ethanol production in cyanobacteria.
The major pathway for ethanol synthesis is catalyzed by two enzymes, pyruvate decarboxylase (PDC) (EC 4.1.1.1) and alcohol dehydrogenase (ADH) (EC 1.1.1.1). PDC catalyzes the nonoxidative decarboxylation of pyruvate, which produces acetaldehyde and CO 2 . Acetaldehyde is then converted to ethanol by ADH. This fermentation pathway plays a role in the regeneration of NAD ϩ for glycolysis under anaerobic conditions in fungi, yeasts, and higher plants. Although many bacteria can produce some ethanol, the obligately fermentative bacterium Zymomonas mobilis is one of few prokaryotes which generate ethanol as the predominant fermentative product (22) . In this bacterium, PDC and ADH are very abundant; PDC alone accounts for as much as 5% of the total soluble protein in the cells (2) . Zymomonas PDC is a tetramer composed of identical subunits and the monomeric molecular mass is approximately 60 kDa, while two isozymes of ADH are present and contribute to fermentation (17, 24) . ADH II, the more abundant isozyme, is also a homotetramer, and the monomeric molecular mass is 40 kDa. Cloning and molecular characterization of the genes encoding Z. mobilis PDC (pdc) (6, 8, 23) and ADH II (adhII) (9) have been reported previously.
In an innovative previous study, the adh and pdc genes of Z. mobilis were used to transform E. coli in order to produce a novel ethanogenic bacterium capable of using a variety of substrates for growth (18) . In the study described below, Z. mobilis pdc and adh genes were cloned into a shuttle vector and used to transform the cyanobacterium Synechococcus sp. strain PCC 7942. Under control of the promoter of the cyanobacterial rbcLS operon encoding the ribulose-1,5-bisphosphate carboxylase/oxygenase large and small subunits, the pdc and adh genes were expressed at high levels. As a result, a significant amount of ethanol accumulated in the culture medium. This is the first study in which oxygenic photoautotrophic microorganisms have been genetically engineered to produce ethanol.
MATERIALS AND METHODS
Strains and culture conditions. E. coli DH5␣ cells were grown at 37°C in Luria broth (LB) or LB supplemented with 50 g of ampicillin ml
Ϫ1
. The unicellular cyanobacterium Synechococcus sp. strain PCC 7942 (29) was maintained on BG-11 medium (3, 20) solidified with 1% Bacto Agar (Difco) and was grown at 30°C under cool white fluorescent light (50 microeinsteins ⅐ m Ϫ2 ⅐ s
). Cells were also grown in liquid batch cultures in 50-ml portions of BG-11 medium in 250-ml flasks closed with foam plugs and aluminum foil. The cultures were agitated constantly on an oscillating shaker. For rapid growth, cells were grown in 500-ml liquid batch cultures in 900-ml bottles that were aerated by forcing air through a Pasteur pipette. Cell growth was monitored by measuring the optical density at 730 nm (OD 730 ) of each culture. As estimated by plating, an OD 730 of 1.0 was equivalent to approximately 10 8 cells ⅐ ml
. Transformation of Synechococcus sp. strain PCC 7942 was carried out essentially as described previously (14) . Transformants were directly selected on BG-11 medium plates supplemented with 1 g of ampicillin ml
Ϫ1 . During subculturing of the transformants, the concentration of ampicillin was increased to 10 g ⅐ ml Ϫ1 . Transformants were grown in liquid batch cultures supplemented with 25 g of ampicillin ml
. Plasmid construction. The immediate source of the Z. mobilis pdc (8) and adhII (9) genes used in this study was plasmid pLOI295 (18) . This plasmid contained an 1.8-kb fragment of the pdc sequence, which started at position Ϫ46 (relative to the transcription start site) and continued until 27 bp after the stop codon, as well as an 1.4-kb fragment of the adh sequence from the position 31 bp upstream from the ATG initiation codon to the position 164 bp after the stop codon, including the transcription terminator. In plasmid pLOI295, pdc expression and adh expression were under control of the E. coli lac promoter.
A PCR was used to clone the promoter region of the rbcLS operon from Synechococcus sp. strain PCC 7942. The forward primer 5Ј-CGCGGATCCGC GGCTGAAAGTTTCGGACTCAGTAG-3Ј (containing a BamHI site) and the reverse primer 5Ј-GCTGAATTCATGTCGTCTCTCCCTAGAGA-3Ј (containing an EcoRI site) were designed by using the rbcLS sequence from the cyanobacterium A. nidulans 6301 (31), a strain that is genetically similar to Synechococcus sp. strain PCC 7942 (13, 29) . The 361-bp amplified fragment included the rbcLS promoter and its 5Ј untranslated sequence, starting at position Ϫ198 (relative to the transcription start site) and continuing to the ATG initiation codon. Each PCR mixture (100 l) contained each primer at a concentration of 0.5 M, each deoxynucleoside triphosphate at a concentration of 0.4 mM, 10 ng of genomic DNA from Synechococcus sp. strain PCC 7942, and 2 U of Vent R DNA polymerase (New England Biolabs) in 1ϫ reaction buffer [10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 20 mM Tris-HCl (pH 8.8 at 25°C), 2 mM MgCl 2 , 0.1% Triton X-100]. PCR were carried out with a model PTC-100TM programmable thermal controller (MJ Research, Inc.) by using the following temperature program: 93°C for 3 min; 30 cycles consisting of 93°C for 1 min, 62°C for 1.5 min, and 72°C for 0.5 min; and 72°C for 5 min. The PCR product of the expected size was cloned into pBlueScript SK (Stratagene) between BamHI and EcoRI sites to generate a plasmid designated pRBCp. The 3.2-kb EcoRI-SalI fragment containing the pdc-adh sequence was removed from pLOI295 and ligated into the corresponding sites of pRBCp to generate plasmid pRpa. Finally, the 3.6-kb BamHI fragment containing the rbc-pdc-adh sequence was removed from pRpa and cloned into the shuttle vector pCB4 (11) at the corresponding site, which resulted in the construct pCB4-Rpa (Fig. 1 ). In addition, the 3.6-kb BamHI fragment of the rbc-pdc-adh sequence from pRpa was cloned at the BamHI site of pCB4-lac, a modified version of pCB4 in which a 220-bp PvuII-BamHI fragment from plasmid pBS (Stratagene) containing the E. coli lac promoter region was ligated into the modified XbaI-BamHI sites of the pCB4 multiple cloning site (33) . The following two recombinant plasmids were generated during this cloning procedure: pCB4-Rpa(lac), in which the rbc-pdc-adh sequence was placed in the opposite direction with respect to the lac promoter; and pCB4-LRpa, in which expression of the pdc and adh genes was driven by a combination of the lac and rbc promoters (Fig. 1) .
In an attempt to increase the level of pdc-adh expression, the ribosomebinding site and start codon of the pdc gene were removed and replaced with the corresponding DNA region of the rbcL sequence to generate a translation fusion. For this construct, the pdc-adh sequence in pLOI295 was amplified by PCR with forward primer 5Ј-GCATGAATTCTTATACTGTCGGTACCTAT-3Ј (containing an EcoRI site) and reverse primer 5Ј-GGACTCGAGGATCCCCAAATGG CAA-3Ј (containing BamHI and XhoI sites). The PCR mixture was the same as the PCR mixture described above. The following temperature program was used: 93°C for 5 min; four cycles consisting of 93°C for 1 min, 56°C for 1.5 min, and 72°C for 3.5 min; 30 cycles consisting of 93°C for 1 min, 65°C for 1.5 min, and 72°C for 3.5 min; and 72°C for 5 min. The 3.1-kb PCR product was then cloned into pRBCp between EcoRI and XhoI sites to generate plasmid pR(TF)pa (TF indicates translation fusion). Cloning for translation fusion generated an extra AAT (asparagine) codon immediately after the initiation codon, and the original second codon in the pdc open reading frame, AGT, was replaced by TCT, which encodes the same amino acid (serine). Plasmid pR(TF)pa was digested with XhoI, and the cut site was blunt ended with the Klenow fragment of bacterial DNA polymerase I and then digested with XbaI. The XbaI-XhoI fragment containing the rbc-(TF)pdc-adh sequence was then cloned into pCB4-lac which had been prepared by digestion with BamHI, blunt ended with the Klenow fragment, and redigested with XbaI. The resulting plasmid was designated pCB4-LR(TF)pa (Fig. 1) .
Enzyme extraction and assays. PDC was extracted and assayed essentially as described previously (8, 17) by monitoring the pyruvic acid-dependent reduction of NAD ϩ in the presence of yeast ADH as a coupling enzyme. ADH activity was assayed in the direction of ethanol oxidation as described elsewhere (9, 24) . Enzyme activity is reported below in nanomoles per minute per milligram of total protein. To determine the PDC and ADH activities in E. coli cells harboring pLOI295, an overnight culture was diluted 1:100 into 50 ml of fresh LB and grown to an OD 550 of 0.5 before 1 mM (final concentration) IPTG (isopropyl-␤-D-thiogalactopyranoside) was added. Proteins were extracted from the cells after growth for an additional 2.5 h. The E. coli cells and cyanobacterial cells in 50-ml liquid batch cultures were harvested by centrifugation (8,000 ϫ g, 10 min) and resuspended in 2 ml of PDC extraction buffer containing 50 mM sodium phosphate (pH 6.5), 1 mM thiamine pyrophosphate, 1 mM MgCl 2 , 5 mM dithiothreitol, and 1 mM benzamidine. Similarly, cells were resuspended in ADH extraction buffer consisting of 30 mM potassium phosphate (pH 8.8), 0.5 mM ferrous ammonium sulfate, 10 mM sodium ascorbate, 5 mM dithiothreitol, and 1 mM benzamidine. The resuspended cells were lysed with a prechilled French pressure cell at 20,000 lb ⅐ in
Ϫ2
. The lysates were centrifuged very briefly (2 min, 3,000 ϫ g) to remove unbroken cells and were used immediately in enzyme assays. Total protein concentrations in the lysates were determined by the Coomassie Blue-G dye method (5) by using bovine serum albumin as the standard.
Western blot analysis. The protein extracts prepared for the enzyme activity assays were used in a Western blot analysis performed by using standard procedures (30) . PDC was probed with a goat antiserum directed against Z. mobilis PDC protein, and ADH was detected with a rabbit antiserum raised against Z. mobilis ADH II protein (1) . Binding of the primary antibody was detected by incubating the preparation with an alkaline phosphatase-conjugated secondary immunoglobulin G antibody, followed by substrate staining.
RNA isolation and Northern blot analysis. Total RNA was isolated from cyanobacterial cells in 50-ml liquid cultures by a previously described method (28) and was analyzed by Northern blotting by using standard methods (30) . An 8-g sample of total RNA was fractionated by formaldehyde-agarose gel electrophoresis and transferred onto a nitrocellulose membrane. The membrane was probed with 32 P-labelled DNA probes. Plasmid pLOI295 was digested with SacI and SalI to generate 1.8-kb SacI fragment (pdc probe) and a 1.4 SacI-SalI fragment (adh probe), which were used to detect the pdc-adh dicistronic mRNA transcript. A 2.1-kb PstI DNA fragment containing the Synechococcus iron superoxide dismutase gene (sodB probe) was isolated from plasmid pFSB145 (20) and used to probe sodB mRNA. A 0.24-to 9.5-kb RNA ladder (GIBCO BRL, Life Technology, Inc.) was used to estimate transcript sizes.
Metabolite assay. Ethanol was assayed with an ethanol kit (Boehringer Mannheim) by determining the amount of NADH generated after yeast ADH was 
RESULTS
Construction of vectors for ethanol synthesis. Using the cloning strategies described above, we generated three constructs for production of ethanol in Synechococcus sp. strain PCC 7942 (Fig. 1) . In all of the constructs the pdc gene coding sequence was placed 5Ј with respect to the adh gene, which included its original transcription terminator sequence. No promoter sequence or transcription terminator structure was present in the approximately 100-bp region between the stop codon of the pdc gene and the initiation codon of the adh gene. Therefore, the two genes formed a unit for cotranscription. Expression of the pdc and adh genes was under the control of the cyanobacterial rbcLS promoter in plasmid pCB4-Rpa and under the control of a combination of the rbcLS promoter and the E. coli lac promoter in both pCB4-LRpa and pCB4-LR(T-F)pa. Plasmid pCB4-LR(TF)pa is a translation fusion construct in which, along with the promoter region, the ribosomebinding site and the initiation codon ATG of the rbcL gene are fused in frame to the second codon of the pdc gene.
Expression of the ethanol synthesis genes. Total RNA was isolated from Synechococcus sp. strain PCC 7942 cells harboring plasmid pCB4-LRpa and was probed with the pdc sequence. A 3.2-kb band was detected on Northern blots (Fig. 2) , which confirmed that the pdc and adh genes were correctly cotranscribed as a dicistronic RNA transcript. Similar results were obtained when the preparation was probed with the adh sequence (data not shown). The overall integrity of the RNA preparations was determined by probing them with sodB, the native cyanobacterial gene encoding iron superoxide dismutase. Hybridization of a 2.1-kb PstI DNA fragment containing the sodB gene to total cyanobacterial RNA produced a single 0.7-kb transcript, as expected for the gene (20) . This suggests that the somewhat smeared pdc hybridization signal may have partially reflected rapid turnover of the pdc-adh transcript in the cells and was not necessarily an artifact of the RNA isolation procedure.
Expression of pdc and adh in cyanobacterial cells was further analyzed by performing a Western blot analysis (Fig. 3) and enzyme activity assays (Table 1 ). E. coli transformed with plasmid pLOI295 was used as a positive control in the Western blot analysis. In the protein extracts obtained from E. coli cells harboring pLOI295 and from cyanobacterial cells transformed with an ethanol synthesis construct, the antiserum directed against Z. mobilis PDC detected a band at 60 kDa, which was consistent with the predicted molecular mass of the deduced amino acid sequence (1). The antiserum raised against Z. mobilis ADH revealed a band at 40 kDa, as expected for ADH II polypeptide (1) . High levels of PDC and ADH II polypeptides and high levels of enzyme activities were detected in the protein extracts from cyanobacterial cells transformed with the ethanol synthesis genes. No immunologically cross-reacting materials or PDC and ADH enzymatic activities were detected in the proteins extracted from the cells transformed with the vector pCB4 alone.
In our preliminary experiments, no pdc and adh expression or ethanol synthesis was detected in the transformed cyanobacterial cells when the genes were placed under the control of the E. coli lac promoter alone (data not shown). Consequently, the promoter region from the gene encoding ribulose bisphos- phate carboxylase/oxygenase (the rbcLS operon), one of the most abundant soluble proteins synthesized in cyanobacteria, was employed. The rbcLS promoter directed a high level of expression of the Z. mobilis pdc and adh genes in Synechococcus sp. strain PCC 7942. It has been reported previously that the lac promoter enhances the expression of a foreign gene in Synechococcus sp. strain PCC 7942 when it is placed upstream of the endogenous bacterial promoter of the foreign gene (33) . However, placing the lac promoter 5Ј with respect to the rbcLS promoter did not enhance pdc and adh expression (construct pBC4-LRpa) compared to the expression directed by the rbcLS promoter alone (construct pCB4-Rpa). It appears that the translation machinery of Synechococcus sp. strain PCC 7942 can recognize (and function efficiently with) the ribosome-binding sites and initiation codon of the Z. mobilis pdc and adh genes. In addition, as shown in Table 1 , a twofold increase in pdc expression was observed when the ribosome-binding site and ATG initiation codon of the pdc gene were replaced with the corresponding DNA region of the rbcL gene to generate a translation fusion in plasmid pCB4-LR(TF)pa.
The abundance and enzymatic activity of PDC and ADH synthesized in transformed cyanobacterial cells were compared to the abundance and enzymatic activity of PDC and ADH produced in E. coli containing pLOI295. Different amounts of E. coli proteins and cyanobacterial proteins were analyzed on the same Western blots, and equal portions were used for enzyme activity measurements (data not shown). Based on the signal strength visualized on Western blots and catalytic activity, the PDC proteins synthesized in cyanobacterial cells and in E. coli appeared to have approximately the same specific activity. A similar relationship was observed for ADH proteins.
Production of ethanol in the cyanobacterium. Cyanobacteria transformed with the genes encoding PDC and ADH produced ethanol, as shown by the analysis of the culture medium (Table  1) . No ethanol was detected in the culture medium of the cells transformed with pCB4 alone (control), while all three preparations transformed with the pdc and adh genes produced ethanol at similar levels (about 1.4 to 1.7 mM) after 3 weeks of culture. An ethanol concentration of approximately 5 mM was obtained following 4 weeks of growth (data not shown). These values are certainly underestimates of the actual ethanol production as some ethanol was lost from the unsealed culture vessels during the growth period. Measurements of the rates of loss indicated that from 5 to 15% of the total ethanol in solution was lost; the variation was a function of the rate of culture flask shaking. Moreover, only very low levels of acetaldehyde (10 to 20 M) were detected in the culture media of the cells transformed with the pdc and adh genes, suggesting that the ADH activity was sufficient to avoid accumulation of acetaldehyde.
When cell cultures were aerated by bubbling, cell growth accelerated. Cell growth, the ethanol synthesis rate, and the PDC and ADH activities of the cells transformed with pCB4-LRpa were evaluated under these conditions (Fig. 4) . From day 3 to 6, there was a linear increase in both cell growth (0.58 OD 730 unit ⅐ day Ϫ1 ) and ethanol synthesis (54 nmol ⅐ OD 730 unit Ϫ1 ⅐ liter Ϫ1 ⅐ day Ϫ1 ). The specific activities of PDC and ADH on day 5 were similar, approximately 160 nmol ⅐ min Ϫ1 ⅐ mg of total protein Ϫ1 , equivalent to a potential ethanol synthesis rate of 6 mmol ⅐ OD 730 unit Ϫ1 ⅐ liter ⅐ day Ϫ1 . The PDC and ADH activities were, therefore, approximately 100 times higher than the actual rate of ethanol synthesis.
DISCUSSION
With the continuing depletion of known fossil fuel reserves, much research effort is being directed towards the discovery and utilization of renewable energy sources. Production of fuel ethanol through bioconversion of a variety of feedstocks is one strategy for reducing the need for fossil fuels. Traditionally, ethanol is produced by yeast fermentation of relatively expensive feedstocks, such as corn starch and cane sugar. With advances in biotechnology, new systems have been developed to use alternative carbohydrates found in biomass generated by agricultural or industrial activity. For example, addition of the Z. mobilis pdc and adh genes to E. coli generated an organism with a greatly expanded range of potential substrates for ethanol synthesis (18) . In addition, Z. mobilis itself has recently been modified by adding a pentose metabolism capability, which improves the usefulness of this organism in bioconversion of lignocellulosic feedstocks (39) . One improvement in these processes, which was considered in our study, would be direct coupling of ethanol biosynthesis to photosynthetic carbon fixation in autotrophic organisms, such as algae, aquatic plants, or cyanobacteria. Their high photosynthetic efficiency, limited nutrient requirements, rapid growth rates, and capacity to transport inorganic carbon suggest that cyanobacteria could be useful agents for ethanol synthesis.
We successfully engineered a pathway for ethanol synthesis in the cyanobacterium Synechococcus sp. strain PCC 7942 by expressing the Z. mobilis genes encoding PDC and ADH. Under the control of the cyanobacterial rbcLS promoter, the specific activities of these two enzymes ranged from 130 to 320 nmol ⅐ min Ϫ1 ⅐ mg of total protein Ϫ1 in cell lysates. These specific activities are comparable to the specific activities of some cyanobacterial enzymes involved in carbon metabolism, such as ribulose- PCC 7942 (7, 21) . The levels of PDC and ADH activities were also in the same range as the levels of the ␤-glucuronidase activity (75 to 155 nnmol ⅐ min Ϫ1 ⅐ mg of protein
Ϫ1
) encoded by the E. coli uidA gene which was integrated into the cyanobacterial chromosome and placed under the control of the E. coli trc promoter (10) . The human superoxide dismutase gene has also been expressed in A. nidulans PCC 6301 under the control of the rbcLS promoter derived from the host genome (34) . The level of expression of the enzyme, however, was considerably higher than the level of expression observed in our study. The difference between the levels of expression may be a function of plasmid copy number and of transcript and protein size and stability, which are important factors that affect foreign gene expression in cyanobacteria (36) .
An easily assayed amount of ethanol accumulated in the culture medium of Synechococcus sp. strain PCC 7942 transformed with the ethanol synthesis genes, whereas the level of ethanol, if any, was under the limit of detection in the culture medium of the wild-type cells. Although the amount of ethanol that accumulated in the medium of the transformed Synechococcus culture was significant compared with the absence of ethanol in wild-type cultures, it was is still quite low compared with the amount produced by microbial fermentation. Certainly the rate at which ethanol is released into the medium and the final concentration can be increased by using a cyanobacterial cell density greater than the relatively low density used in this study, of 10 8 cells ⅐ ml Ϫ1 ; however, industrial microbial fermentation processes can generate levels of ethanol greater than 1 M in the culture medium. It is interesting that the rate of ethanol synthesis in the transformed cells was approximately 100 times less than the in vitro activities of PDC and ADH, suggesting that ethanol production was primarily limited by factors other than the PDC and ADH activities. It is possible that competition between different pathways for carbon metabolism, including storage carbohydrate biosynthesis, may limit ethanol production (Fig. 5) . Attempts to manipulate carbon flux in these pathways and thus maximize substrate levels are now in progress.
In some algae and cyanobacteria, ethanol is synthesized as one of the fermentation products under dark and anaerobic conditions (16, 37) . However, the fermentation process is generally kept at a minimal level; the level of fermentation is only sufficient for the survival of the organisms. Moreover, ethanol synthesis is completely inhibited in the presence of light (12) . A cloning strategy similar to that described in this paper was used to develop an ethanogenic Rhodobacter sp. recombinant in which carbon was also redirected from the Calvin cycle of this anaerobic phototroph (38) . This recombinant was able to synthesize ethanol in the presence of light but required anoxic conditions, as well as a reductant, such as H 2 . In our study, by using genetic engineering we created a pathway for ethanol synthesis in Synechococcus sp. strain PCC 7942 which functions during oxygenic photosynthesis and requires no special conditions, such as an anaerobic environment. Optimization of such a system by manipulating the growth conditions and genetically modifying the host cell metabolism, as well as development of ethanol retrieval or sequestering technologies for the growth medium, could lead to production of ethanol by these simple photoautotrophic organisms at an industrial level.
